Sheldon RD, Laughlin MH, Rector RS. Reduced hepatic eNOS phosphorylation is associated with NAFLD and type 2 diabetes progression and is prevented by daily exercise in hyperphagic OLETF rats. J Appl Physiol 116: 1156 -1164, 2014. First published February 27, 2014 doi:10.1152/japplphysiol.01275.2013.-We tested the hypothesis that nonalcoholic fatty liver disease (NAFLD) is associated with reduced hepatic endothelial nitric oxide synthase (eNOS) activation status via S1177 phosphorylation (p-eNOS) and is prevented by daily voluntary wheel running (VWR). Hyperphagic Otsuka LongEvans Tokushima Fatty (OLETF) rats, an established model of obesity, type 2 diabetes (T2D) and NAFLD, and normophagic controls [Long-Evans Tokushima Otsuka (LETO)] were studied at 8, 20, and 40 wk of age. Basal hepatic eNOS phosphorylation (p-eNOS/eNOS) was similar between LETO and OLETFs with early hepatic steatosis (8 wk of age) and advanced steatosis, hyperinsulinemia, and hyperglycemia (20 wk of age). In contrast, hepatic p-eNOS/eNOS was significantly lower (P Ͻ 0.05) in OLETF rats with T2D advancement and the transition to more advanced NAFLD with inflammation and fibrosis [increased tumor necrosis factor-␣ (TNF-␣), CD68, and CD163 mRNA expression; 40 wk of age]. Reduced hepatic eNOS activation status in 40-wk OLETF rats was significantly correlated with reduced p-Akt/Akt (r ϭ 0.73, P Ͻ 0.05), reduced serum insulin (r ϭ 0.59, P Ͻ 0.05), and elevated serum glucose (r ϭ Ϫ0.78, P Ͻ 0.05), suggesting a link between impaired glycemic control and altered hepatic nitric oxide metabolism. VWR by OLETF rats, in conjunction with NAFLD and T2D prevention, normalized p-eNOS/ eNOS and p-Akt/Akt to LETO levels. Basal activation of hepatic eNOS and Akt are maintained until advanced NAFLD and T2D development in obese OLETF rats. The prevention of this reduction by VWR may result from maintained insulin sensitivity and glycemic control.
A COMBINATION OF SEDENTARY lifestyles and overnutrition has led to an epidemic of obesity, insulin resistance, and type 2 diabetes (T2D) in Western societies. Central to this epidemic is nonalcoholic fatty liver disease (NAFLD), which is estimated to be present in 75-100% of obese and morbidly obese individuals (2) . NAFLD comprises a spectrum of liver pathologies from simple steatosis [hepatic triglyceride (TAG) accumulation], to more severe nonalcoholic steatohepatitis (NASH) and eventually cirrhosis (reviewed in Ref. 34) . Importantly, NAFLD is an independent predictor of cardiovascular disease (6, 43, 48) and overall mortality (27, 28) . Lifestyle modification, including exercise training, is the standard of care for NAFLD patients (31, 38) . However, the mechanisms by which exercise improves NAFLD outcomes remain an active area of investigation.
Evidence indicates that impaired hepatic endothelial cell function is present in experimental models of NAFLD (29, 30, 44) . Specifically, dysregulated hepatic endothelial cell nitric oxide (NO) production by endothelial NO synthase (eNOS) exacerbates multiple features of progressing NAFLD severity, including steatosis, fibrosis, inflammation, hepatic insulin resistance, and portal hypertension (24, 29, 30, 37, 44, 47) . Although the propensity for exercise training to improve systemic endothelial function is well appreciated (13) , no investigation to date has examined this phenomenon in the context of the liver. Given the capability for exercise to improve hepatic insulin sensitivity (36) , one possibility is that exercise enhances Akt activation, which directly phosphorylates and activates hepatic eNOS (25) . Our group has previously described the natural history of NAFLD in the spontaneously hyperphagic Otsuka Long-Evans Tokushima Fatty (OLETF) rat (33) . This rat gradually develops obesity, T2D, and NAFLD throughout the lifespan in a pattern similar to human disease. Importantly, we have demonstrated that unrestricted voluntary wheel running (VWR) completely prevents the disease phenotype (36) . Interestingly, VWR also prevents or reverses defects in endothelial function (1, 3, 21, 22) . Thus the OLETF rat provides an excellent model with which to assess the effects of NAFLD and physical activity on the hepatic vasculature.
Herein we assessed the basal activation status of eNOS via S1177 phosphorylation (p-eNOS) and of Akt via S473 phosphorylation (p-Akt) in the livers from OLETF and normophagic control [Long-Evans Tokushima Otsuka (LETO)] rats at three pathologically significant ages: 8 wk (early steatosis), 20 wk [advanced steatosis and insulin resistance (hyperglycemic and hyperinsulinemic)], and 40 wk (overt T2D and NAFLD transitioning to NASH), as our laboratory has previously described (33) . To our knowledge, this is the first account of hepatic eNOS content and activation status 1) throughout the progression of NAFLD and T2D in the OLETF rat; and 2) in the context of daily physical exercise. We hypothesized that both hepatic eNOS and Akt activation status would be reduced in sedentary, insulin-resistant, 20-wk old OLETF rats, and that this reduction would be prevented by VWR. Finally, to gain insight into the regulation of hepatic eNOS, we examined select molecular modulators of eNOS phosphorylation and NO production, as well as its association with various metabolic characteristics.
METHODS
Animal protocol. Male OLETF and LETO rats were obtained from Tokushima Research Institute, Otsuka Pharmaceutical (Tokushima, Japan) at 4 wk of age. LETO rats were maintained in sedentary conditions (LETO-sed), and OLETF rats were randomly divided into either sedentary (OLETF-sed) or VWR groups (OLETF-ex). All rats received ad libitum access to tap water and standard rodent chow (Formulab 5008, Purina Mills, St. Louis, MO) throughout the study. OLETF-ex rats were given access to running wheels, which were monitored and recorded daily with Sigma Sport BC 606 bicycle computers (Cherry Creek Cyclery, Foster Falls, VA), beginning at 4 wk of age throughout the remainder of the protocol. Animals were individually caged in a temperature-controlled facility (21°C) with a 12:12-h light-dark cycle. Body weight and food consumption were recorded weekly. At 0800 on the day of death, animals were anesthetized with pentobarbital sodium (100 mg/kg) following a 5-h fast. Blood was collected from the left ventricle for analysis, after which the animal was exsanguinated and tissues were collected. The liver was rapidly excised and immediately snap-frozen in liquid nitrogen for later processing. OLETF-sed and LETO-sed rats were killed at 8, 20, and 40 wk of age, and OLETF-ex rats were killed at 40 wk of age following a 53-h running wheel lock. This length of wheel lock was chosen to prevent any acute exercise effect while still maintaining exercise adaptations (3, 7) . All animal protocols were approved by the Institutional Animal Care and Use Committee of the University of Missouri.
Fat pad collection, body composition, and serum assays. Before euthanasia, whole body composition was assessed in 40-wk animals with a dual X-ray absorptiometry machine calibrated for use with rats. Retroperitoneal, omental, and epidydimal fat pads were removed and weighed. Serum glucose (Sigma, St. Louis, MO), insulin (Linco Research, St. Charles, MO), TAG (Sigma), and free fatty acids (FFA) (Wako Chemicals, Richmond, VA) were assessed using commercially available kits per the manufacturers' instructions. Glycosylated hemoglobin (HbA 1C) was measured in 40-wk-old animals, as previously reported (17, 32) . Hepatic TAG content was measured as previously described by our group (32) .
Western blots. Western blots and densometric analysis (Image Lab Beta 3, Bio-Rad Laboratories) were performed in whole liver homogenates for eNOS (610297, BD Biosciences, San Jose, CA), p-eNOS (612393, BD Biosciences), Akt (no. 9272, Cell Signaling, Danvers, MA), p-Akt (no. 9271, Cell Signaling), ␣-smooth muscle actin (␣-SMA; no. ab5694, AbCam, Cambridge, MA), ␣-adenosine monophosphate activated protein kinase (AMPK; no. 2603, Cell Signaling), ␣-AMPK T172 phosphorylation specific (no. 2531, Cell Signaling), caveolin-1 (Cav-1; no. D46G3, BD Biosciences), and guanosine triphosphate cyclohydrolase-1 (GTPCH-1; no. Ab61858, AbCam). Amido black stain (0.1%; Sigma) was used to quantify total protein to account for any variation in protein loading and transfer.
Hepatic nitrite ϩ nitrate. Total hepatic NO content (NOX) was assessed using a commercially available kit (no. 780001, Cayman Chemical, Ann Arbor, MI) that measures total nitrite and nitrate, stable derivatives of NO.
Real-time quantitative polymerase chain reaction. RNA was isolated from the frozen livers of 40-wk OLETF and LETO rats via a commercially available kit (RNeasy Mini Kit, no. 74104, Qiagen, Valencia, CA). RNA purity was determined using a nanodrop spectophotomometer (Nanodrop 2000c, Thermo Scientific, Waltham, MA), and cDNA was synthesized via reverse transcriptase. Real-time quantitative PCR was performed with the ABI 7500 Fast Sequence Detection System (Applied Biosystems, Carlsbad, CA) using Fast Sybr Green Master Mix (Applied Biosystems). Primer pairs were obtained from Sigma, and sequences are as follows: ␤-actin (forward: GCT CTC TTC CAG CCT TCC TT, reverse: CTT CTG CAT CCT GTC TAG CAA), inducible NOS (forward: GTT GCT GGA AAA GGA AGC AG, reverse: AAG TGA AAG CCA GCA GGA A), TNF-␣ (forward: ACT GAA CTT CGG GGT GAT CG, reverse: GCT TGG TGG TTT GCT ACG AC), CD68 (forward: TCA CAA AAA GGC TGC CCA CTC TT, reverse: TCG TAG GGC TTG CTG TGC TT), and CD163 (forward: TGT AGT TCA TCA TCT TCG TCC, reverse: CAC CTA CCA AGC GGA GTT GAC). Dissociation melt curves were analyzed to verify primer specificity. mRNA expression of endogenous ␤-actin was not different among groups and was used to calculate the expression levels of genes of interest using the 2 Ϫ⌬⌬CT method. All data are normalized to expression levels of LETO-sed.
Liver histology. Sections of liver were prepared and Oil-Red O staining for neutral lipid was performed, as previously described (32) .
Statistics. Four to eight animals per group were analyzed within each age, group, and treatment. Statistical analysis was performed via one-way ANOVA (R, version 2.15.1). OLETF-ex rats were only compared with 40-wk OLETF-sed and LETO-sed rats. When a significant main effect was observed (P Ͻ 0.05), a Fischer's least significant difference test was completed for post hoc comparisons. Pearson correlations were conducted to examine associations between measures of glycemic control and hepatic eNOS and Akt activation status. Data are presented as means Ϯ SE.
RESULTS
Animal characteristics. Body composition, food consumption, serum, and liver characteristics of the animals are presented in Table 1 . OLETF-sed rats had higher body weight, fat pad mass, serum glucose, and hepatic TAG accumulation than LETO-sed by 8 wk of age. At 20 wk, OLETF-sed rats were insulin resistant (hyperglycemic/hyperinsulinemic) with further hepatic TAG accumulation. This further progressed to overt T2D with pancreatic ␤-cell dysfunction by 40 wk as is apparent by the hyperglycemic/insulinopenic serum profile and the dramatically elevated HbA1c levels in the OLETF-sed animals. However, LETO-sed animals maintained serum glucose levels throughout the study, with elevations in serum insulin witnessed from 20 to 40 wk (Table 1) . Serum insulin and glucose values were similar in the OLETF-ex rats compared with the lean, LETO-sed control animals at 40 wk of age. Consistent with the biochemical hepatic TAG data, Oil-Red O staining revealed early hepatic steatosis in 8-wk OLETF-sed rats and a progression to widespread macro-and micro-vesicular steatosis by 40 wk age (Fig. 1) . No appreciable steatosis was apparent in livers from LETO-sed or OLETF-ex rats. Moreover, our laboratory had previously reported that 40-wkold OLETF-sed rats display early evidence of a NASH phenotype, including perivenular fibrosis, inflammatory cell infiltration, and elevated serum alanine aminotransferase levels (33) . OLETF-ex animals ran an average daily distance that ranged from 12.3 Ϯ 0.4 km/day at 9 wk of age to 3.5 Ϯ 0.2 km/day at 40 wk. Importantly, this VWR regimen was sufficient to completely prevent obesity, T2D, and NAFLD in 40-wk OLETF rats.
Basal hepatic p-eNOS and p-Akt are maintained until the development of advanced NAFLD and T2D. Our initial objective was to determine whether basal hepatic eNOS and its activation status via S1177 phosphorylation were affected by disease progression. We studied LETO-sed and OLETF-sed animals at three pathologically significant ages: 8, 20, and 40 wk. Total hepatic eNOS in OLETF-sed was significantly lower than LETO-sed at 8 wk and significantly increased at each successive age examined, with a 41% total increase between 8 and 40 wk (Fig. 2B) . S1177 p-eNOS relative to total eNOS (p-eNOS/eNOS) revealed a significant (P Ͻ 0.05) reduction at 40 wk in OLETF-sed compared with both LETO-sed at 40 wk and OLETF-sed at 20 wk of age (Fig. 2C) .
We examined total and activated Akt (p-Akt), a kinase known to directly phosphorylate eNOS (25) and a key player in hepatic insulin signaling. S473 p-Akt/Akt was not different between LETO-sed and OLETF-sed at 8 or 20 wk (Fig. 2D) ; this was surprising given the dramatic elevation in serum insulin and glucose in OLETF-sed (Table 1) . However, 40-wk OLETF-sed rats had significantly lower p-Akt/Akt (51%) than LETO controls (Fig. 2E) , which occurred concurrently with reduced serum insulin in OLETF-sed (Table 1) . VWR by OLETF rats prevents reductions in basal hepatic p-eNOS and p-Akt. Our laboratory has previously demonstrated that VWR by OLETF rats maintains glycemia and insulin-stimulated skeletal muscle glucose uptake and prevents obesity and NAFLD development and progression (35, 36) . Herein, we investigated the possibility that this exercise-mediated outcome was associated with restoration of hepatic eNOS activation status at 40 wk of age. Total eNOS was comparable among groups at 40 wk (Fig. 3B) ; however, reductions in eNOS phosphorylation witnessed in OLETF-sed rats were completely prevented by VWR (Fig. 3C) . Thus VWR by OLETF rats improves hepatic eNOS activation status independent of total eNOS content. Similarly, VWR prevented reductions in p-Akt at 40 wk (Fig. 3E ) without influencing total Akt (Fig. 3D) .
Reduced p-eNOS does not alter hepatic NO X but is associated with fibrotic and inflammatory processes.
We assessed whether reduced hepatic p-eNOS content in 40-wk OLETF-sed rats influenced global hepatic NO production. Surprisingly, NO X , an index of total NO production, was not different between groups at 40 wk of age (Fig. 4A) , perhaps due to a nonsignificant increase in inducible NOS mRNA in OLETFsed (Fig. 4C) contributing to hepatic NO production in these animals. However, because constitutively produced NO from eNOS is an important paracrine modulator of nonparenchymal cell quiescence, we further sought to determine whether this local effect was disturbed independent of total NO production by measuring markers of hepatic stellate cell and Kupffer cell activation. Indeed, we observed a significant increase in ␣-SMA protein content (P Ͻ 0.05, Fig. 4B ), a marker of stellate cell activation and fibrogenesis, in OLETF-sed relative to LETO-sed and OLETF-ex. In addition, ␣-SMA protein content was significantly correlated with p-eNOS/eNOS (see Fig. 6D ; r ϭ Ϫ0.51, P Ͻ 0.05). Furthermore, markers of total macrophages (CD68 mRNA expression; Fig. 4F ) and Kupffer cells (CD163 mRNA expression; Fig. 4E) were elevated in the livers of 40-wk OLETF-sed rats compared with LETO-sed and OLETF-ex animals. Additionally, elevated TNF-␣ mRNA (Fig. 4D ) in OLETF-sed relative to the other groups provides evidence of macrophage activation and inflammation.
Other common molecular regulators of eNOS activation. Finally, we investigated potential mechanisms that may influence hepatic eNOS activation and NO production. We observed no significant differences in AMPK or phosphorylated AMPK (T172) protein content among animals groups (Fig. 5,  C and D, respectively) . Additionally, Cav-1, a steric inhibitor of p-eNOS (5), was reduced in OLETF-sed relative to LETOsed; whereas Cav-1 protein content in OLETF-ex was not statistically different from either group (Fig. 5A) . Finally, GTPCH-1, the enzyme that catalyzes the synthesis of the essential eNOS cofactor tetrahydrobiopterin (BH 4 ), also did not differ statistically among groups (Fig. 5B) .
Hepatic eNOS activation is associated with glycemic control.
We assessed correlations between p-eNOS and p-Akt with several metabolic characteristics in 40-wk-old OLETF and LETO rats to determine any potential relationships with advancing disease. Basal p-eNOS/eNOS was significantly correlated with Akt activation status (r ϭ 0.73; P Ͻ 0.05; Fig. 6A ). In addition, p-eNOS/eNOS dropped with increasing levels of serum glucose (r ϭ Ϫ0.78; P Ͻ 0.05; Fig. 6B ) and with lower serum insulin (r ϭ 0.59; P Ͻ 0.05; Fig. 6C ) induced through T2D development in the OLETF-sed animals. Surprisingly, no significant associations were observed between eNOS phosphorylation and body weight, percent body fat, fat pad mass (omental, retroperitoneal, epididymal, and omental ϩ retroperitoneal), liver TAGs, serum TAGs, or serum FFAs (data not shown). 
DISCUSSION
Exercise training is an effective treatment modality for many of the complications of obesity and insulin resistance, including improving endothelial cell function in various organ systems. However, whether exercise similarly improves hepatic endothelial function en route to prevention of NAFLD has not previously been determined. Interestingly, disrupted NO production from eNOS in the liver has been implicated in the activation of Kupffer cells (44) and stellate cells (47) . Furthermore, eNOS gene knockout on a background of obese, diabetic db/db mice causes exacerbated hepatic steatosis (24) . To this end, the present investigation sought to determine the activation status of hepatic eNOS via S1177 phosphorylation at pathologically significant ages in OLETF-sed rats and assess its modulation by VWR. Remarkably, hepatic eNOS activation was not reduced concurrently with insulin resistance, hyperglycemia, or mild to moderate hepatic steatosis. Rather, reduced hepatic p-eNOS emerged with the development of overt T2D and was correlated with serum insulin and glucose, as well as with the phosphorylation status of hepatic Akt. Additionally, there was an age-dependent increase in total hepatic eNOS protein in OLETF-sed rats, suggesting that eNOS upregulation may be a compensatory mechanism through which A B C D a constant pool of hepatic p-eNOS is maintained in early to moderate NAFLD. Furthermore, the reduction in p-eNOS in 40-wk OLETF-sed rats coincided with increases in markers of hepatic fibrosis, Kupffer cell presence, and hepatic inflammation, which may implicate eNOS as an important player in the transition to NASH. Finally, we report novel findings that daily exercise prevented the observed reductions in both eNOS and Akt phosphorylation witnessed in 40-wk OLETF-sed rats.
Basal levels of eNOS activation are of physiological importance in the liver. In most tissues, endothelial NO production by eNOS is a central regulator of vascular smooth muscle tone and, consequently, governs local blood flow distribution. A different scenario predominates in the healthy liver, where the volume of hepatic blood flow is maintained at constant levels via the adenosine-mediated hepatic arterial buffer response (14 -16) . Rather than regulating hepatic vascular conductance, hepatic endothelial cell NO production appears to be an important paracrine signal to liver nonparenchymal cells. Reduced eNOS activity and NO production can activate Kupffer cells, which initiate inflammatory processes and potentiate hepatic insulin resistance (44) . In addition, hepatic eNOSmediated NO production is critical to maintaining the quiescent state of hepatic stellate cells, with disruption causing stellate cell transition to an activated myofibroblastic state (47) . Furthermore, the fact that obese eNOS knockout mice develop greater hepatic steatosis indicates that disturbed hepatic eNOS function may accelerate NAFLD (24) . In agreement with these studies, our data indicate that makers of both stellate cell ( Fig.  4B and 5C ) and Kupffer cell (Fig. 4, C-F) activation occur with reduced p-eNOS in 40-wk OLETF-sed rats without alteration of total hepatic NO X . The mechanism underlying the transition in NAFLD severity to NASH, which is characterized by inflammation and fibrosis, is an active area of investigation. Although causal relationships cannot be established at this time, the current data allow for generation of the novel hypothesis that reduced hepatic eNOS NO production is an important event in the pathogenesis of NASH. Given the substantial clinical utility and diversity of currently available NO-based therapies, future investigations designed to directly test this hypothesis are needed.
Other potential causes of reduced eNOS phosphorylation and NO production are not affected by advanced NAFLD and T2D. Enzymatic activity of eNOS is controlled by a complicated, dynamic host of kinases/phosphatases, co-factors, and steric interactions. We identified potential molecular targets that may influence eNOS activity and/or NO bioavailability in our 40-wk-old cohort of rats. First, Cav-1 sterically prevents eNOS activation (5) and is elevated in rat models of experimental cirrhosis (39, 41) , whereas here we report Cav-1 was significantly reduced in OLETF-sed animals. Second, GTPCH-1 catalyzes the production of BH 4 , an essential eNOS cofactor (46) , and its expression is reduced in experimental models of diabetes (10, 23, 42) . However, our results reveal no differences in GTPCH-1 expression. Finally, we detected no differences in hepatic AMPK, the activation of which both improves liver insulin sensitivity (9) and phosphorylates eNOS at S1177 (4, 12) . Collectively, common mechanisms influencing endothelial NO homeostasis in other models of diabetes and chronic liver disease do not appear to be critical in hepatic NO production in the OLETF rat model at the observed disease stages.
Maintained insulin production, but not insulin resistance, may explain the current results.
A novel finding of the present investigation is that basal hepatic eNOS activation is preserved in insulin-resistant 20-wk-old OLETF-sed rats, despite evidence of endothelial dysfunction in multiple vascular beds at this age in this model (1, 3, 21, 22) . However, this preservation is lost by 40 wk of age with the development of pancreatic ␤-cell dysfunction and overt T2D. One hypothesis is that the hepatic circulation is less sensitive to hyperinsulinemia than other tissues. The pancreas secretes insulin directly into the portal vein, resulting in ϳ3-(fasted) to ϳ30-fold (postprandial) greater portal insulin concentrations compared with peripheral levels (8) . As such, the healthy liver is exposed to hyperinsulinemia in its physiological milieu, and the liver may either 1) depend on this environment, or 2) have mechanisms in place to reduce susceptibility to insulin resistance. That basal hepatic Akt activation, which is classically reduced in insulin-resistant states, was maintained in 20-wk, but not 40-wk, OLETF-sed rats further supports this concept. Thus diminished insulin production by ␤-cells, secondary to prolonged hyperinsulinemia necessary to support skeletal muscle glucose uptake (35) , may pose a greater homeostatic insult to the hepatic vasculature than does hyperinsulinemia.
Similar reasoning may also explain the present finding that VWR prevented reductions in both hepatic eNOS and Akt activation in 40-wk OLETFs. Exercise is generally regarded to improve endothelial cell function via repeated, transient increases in hemodynamic shear stress during the exercise bout (13) . However, shear-mediated effects are unlikely, as liver blood flow is maintained or even reduced during exercise. Instead, our present findings, coupled with a previous report (35) , suggest that VWR maintains whole body glycemic control and insulin sensitivity, perhaps through proper skeletal muscle glucose disposal, which contributes to normal hepatic Akt activation and maintenance of hepatic eNOS phosphorylation and activation.
Discontinuities between the present findings and previous investigations. The OLETF rat develops obesity, insulin resistance, T2D, and NAFLD gradually throughout the lifespan, which is similar to human disease. To date, the only reports of hepatic endothelial cell dysfunction in the context of NAFLD arise from high-fat feeding of often Ͼ60% kcal from saturated fat to rapidly (1-8 wk) induce obesity and insulin resistance. These studies rapidly elevate FFAs and TAGs, and findings suggest that reduced hepatic endothelial cell dysfunction is an early and potentially causative event in the development of NAFLD (11, 29, 30, 44) . In contrast, hyperphagic OLETF rats fed a normal chow diet exhibit increases in serum FFAs and TAG over several weeks/months (33) . Taken collectively, there may be multiple mechanisms at play, depending on the dietary insults, with our present data supporting a role for reduced hepatic eNOS activity in advanced NAFLD and T2D. Additional work in this area is warranted.
Experimental consideration. A potential limitation to this investigation is that analyses were performed on whole liver homogenate rather than in isolated liver cell types. As such, we are unable to confirm which liver cell type(s) expresses eNOS. Considerable incongruity exists in the literature regarding whether eNOS expression is restricted to hepatic endothelial cells or is more ubiquitous. Evidence from isolated liver cells and immunohistochemistry in various species and disease phe-notypes support each side of this discrepancy (18 -20, 26, 40, 45) . However, studies that utilize in vivo manipulations of eNOS and/or NO signaling that are not necessarily endothelial specific (e.g., eNOS knockout, NO donors, sGC activators) indicate that the physiological role of hepatic eNOS discussed herein is not contingent on one cell type. As such, we contend that the central finding of this investigation, i.e., reduced basal hepatic eNOS activation in diabetic conditions occurs in conjunction with the transition to NASH and is prevented by voluntary exercise, remains clear.
Summary and conclusions. In conclusion, the present study demonstrates that reduced basal hepatic eNOS activation status occurs in relation to reduced insulin production, hyperglycemia, and blunted Akt activation in T2D OLETF rats with NAFLD. Interestingly, this reduction occurs as the liver phenotype is transitioning to NASH, potentially implicating reduced eNOS activation as a contributor to this pathology. Other affecters of eNOS activity and NO production, including excess adiposity, Cav-1, GTPCH-1, and AMPK, do not appear to explain the present findings. Moreover, we provide the first account that daily exercise prevents reductions in hepatic eNOS phosphorylation, perhaps via maintained insulin sensitivity and glycemic control in hyperphagic OLETF rats. The present results encourage further investigation into the pathophysiological significance of hepatic NO signaling and its mitigation by exercise.
